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Abstract 1 
This study investigated the performance of the forward osmosis (FO) process for treating 2 
produced water. Water permeate flux and reverse salt flux were examined at different feed 3 
pH and operating configurations (i.e. FO, pressure retarded osmosis (PRO), and reverse 4 
osmosis (RO) modes). Acetic acid was selected as a model organic acid to present the 5 
dissolved organic fraction in produced water. Results reported here indicate that only 6 
membranes specifically designed for FO applications can be used in the FO and PRO modes. 7 
Due to the internal concentration polarisation phenomenon, the PRO mode resulted in a 8 
higher water permeate flux and reverse salt flux than those in the FO mode. Acetate rejection 9 
was pH dependent in both the FO and RO modes. Furthermore, in the RO mode, acetate 10 
rejections by the FO membranes were higher than their NF counterparts. Results reported 11 
here suggest that FO can be a viable treatment option for the removal of dissolved organics 12 
from produced water. 13 
1 Introduction 14 
Produced water is water extracted from underground formations and brought to the surface 15 
during the production of either oil or gas. It is considered to be the largest by-product or 16 
waste stream (by volume) associated with the production of oil and gas, and as such it is a 17 
major source of many pollutants and can pose a considerable threat to the environment. It has 18 
been reported that inappropriate disposal of untreated produced water may lead to severe 19 
adverse effect to the ecosystem including various plant and aquatic species [1-3]. In addition, 20 
contaminated soil can lead to wide spread contamination of surface water and shallow 21 
aquifers. The US Environmental Protection Agency (US-EPA) has recognised the potential 22 
impact of the disposal of produced water on the environment and have stipulated set 23 
regulations for controlling the amount of mineral oil and other associated contaminants [4].  24 
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The volume of produced water is not constant over time and the ratio of water to oil or gas 25 
increases over the lifetime of the oil or gas well. Water initially makes up a small percentage 26 
of fluids when a well is new, whereas over time the volume of water tends to increases as the 27 
product yield declines. The estimated average global production of produced water is 210 28 
million barrels (bbl) per day, resulting in an annual estimation of 77 billion bbl per year [4]. 29 
The volume of produced water has increased dramatically over the last few decades as more 30 
oil and gas reservoirs are being exploited in areas where extraction is difficult. Produced 31 
water contains a large number of dissolved organic compounds such as hydrocarbons, 32 
organic acids, phenols and BTEX (which is a mixture of benzene, toluene, ethylbenzene and 33 
xylene). Some of these components are toxic to the environment and the concerns with 34 
substances such as these components involve toxicity, and due to the complexity of removing 35 
components such as these; which end up being discharged into the sea. These components in 36 
produced water signify the importance of research in terms of eliminating these components 37 
from those sources.      38 
Several studies have been conducted to develop suitable technologies for the treatment of 39 
produced water [5-12]. Treatment processes such as oxidation, extraction, stripping, sorption, 40 
biological treatment, and membrane technologies have been widely investigated. Membrane 41 
processes such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 42 
osmosis (RO) are being used to treat oily wastewater [13-15]. These are pressure driven 43 
filtration processes and thus they are prone to fouling caused by the high oil content of 44 
produced water. In addition, while low pressure membrane processes such as MF and UF are 45 
not effective for the removal of dissolved contaminants in produced water, high pressure 46 
processes such as NF and RO can be very energy intensive. An alternative to the current 47 
treatment technologies is forward osmosis (FO) which is an emerging process that can be 48 
effective for the removal of organic contaminants from the aqueous phase [16]. The FO 49 
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process relies on the osmotic gradient between the feed and draw solutions for the transport 50 
water. Thus, when a source of draw solution such as seawater is readily available, the FO 51 
process may require very little energy input [17]. Other advantages of the FO process include 52 
low fouling tendency and easy fouling removal [18-20], high water recovery [21], and high 53 
rejection of a wide range of contaminants [16]. Therefore, the aim of this study is to evaluate 54 
the use of FO membranes for the removal of dissolved organics from produced water. 55 
2 Materials and Methods 56 
2.1 Forward osmosis membranes 57 
Two commercially available FO membranes namely HTI-Cartridge and HTI-Pouch were 58 
acquired from Hydration Technologies Innovation. The former is used in spiral wound 59 
(cartridge) membrane modules and the latter is used for emergency water filter devices such 60 
as X-pack and Life-pack (www.htiwater.com). The HTI-Cartridge membrane is made of 61 
cellulose triacetate (CTA), which is supported by an embedded polyester screen mesh [16]. 62 
The HTI-Pouch membrane is also made of cellulose triacetate cast onto a non-woven backing 63 
consisting of polyester fibres individually coated with polyethylene, the backing can be heat 64 
welded or RF (radio-frequency) welded. Further details about these FO membranes are 65 
available elsewhere [16, 22]. Two commercially available NF membranes namely NF270 and 66 
NF90 supplied by Dow Chemical were also selected for this study for comparison with the 67 
FO membranes. The characteristics of these NF membranes are described in details 68 
elsewhere [23]. 69 
2.2 Forward osmosis and reverse osmosis experimental systems 70 
The experiment was conducted using a closed loop bench scale FO membrane system, as 71 
shown in Figure 1. The channel is 14.5 cm long by 9.5 cm wide by 0.2 cm deep, the 72 
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membrane cell is made from acrylic plastic, and its total effective area for mass transfer is 73 
135.82 cm².   74 
 75 
Figure 1: Schematic diagram of FO system. 76 
To circulate the feed and draw solutions, two variable speed gear pumps (Micropump, 77 
Vancouver, WA) were used. Flow rates of the feed and draw solution flow were monitored 78 
using two rotameters and kept constant at 1 L/min. A computerised system was used to 79 
maintain a constant draw solution concentration throughout the experiment. The draw 80 
solution tank is placed on a digital scale (Mettler Toledo Inc.) and any changes in weight are 81 
transmitted by a computer to get the permeate flux. The conductivity of the draw solution is 82 
continuously measured with a conductivity probe. The peristaltic pump is controlled by a 83 
conductivity controller to occasionally pump a small volume of highly concentrated NaCl 84 
draw solution (6 M) into the draw solution tank to maintain a constant concentration of draw 85 
solution. The tank of concentrated draw solution is attached to the draw solution on the same 86 
digital balance to avoid any interference when measuring the permeate flux between the two 87 
tanks during these processes.  88 
A laboratory scale NF/RO filtration system was used to conduct RO mode experiments. The 89 
system consisted of a stainless steel cross-flow cell, a digital flow-meter, a high pressure 90 
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pump, and a temperature control unit. Detailed description of this system is available 91 
elsewhere [24]. 92 
2.3 Experimental protocol 93 
Acetate (CH3COO
-
) was selected as a model dissolved organics to represent organic acids 94 
that occur widely in produced water. Concentration of acetate in the feed solution was 300 95 
mg/L, which on average represents the total concentration of organic acids often found in 96 
produced water. When required, HCl (1M) or NaOH (1M) were used to adjust the initial pH 97 
value of the feed solution to pH 6, 4 and un-adjusted pH (6.7-7.3) respectively. The initial 98 
volumes of the feed and draw solutions were 3 L and 2 L, respectively. The draw solution 99 
used for all experiments was 0.5 M NaCl. The temperature of the feed and draw solutions 100 
was monitored under a room temperature of 25 ± 2 °C. A new FO membrane coupon was 101 
used for each experiment. Approximately 1 mL samples were taken from both the feed and 102 
draw solutions at specific time intervals, for acetate analysis. In this study, the configuration 103 
in which the feed solution was in contact with the active layer of the FO membrane was 104 
defined as the FO mode. The configuration in which the draw solution is in contact with the 105 
membrane active layer is defined as the pressure retarded osmosis (PRO) mode.  106 
In the FO process, the permeate concentration of target solute is diluted by the draw solution 107 
and the apparent concentration of the target solute in the draw solution cannot be directly 108 
used to calculate the rejection value. Thus, to evaluate the real performance of the FO 109 
process, the actual (corrected) concentration of the target solute, Cs(t) is recalculated by 110 
taking the dilution into account using mass balance: 111 
               
ds( t ) ds( t ) ds( t 1) ds(t 1)
s( t )
w(t )
C V C V
C
V
− −
−
=
                                                                     (1) 112 
where Vw(t) is the permeate volume of water to the draw solution at time t, Vds(t-1) is the 113 
volume of draw solution at time (t-1), Vds(t) is the volume of draw solution at time t, Cds(t) is 114 
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the measured concentration of target solute in the draw solution at time t, and Cds(t-1) is the 115 
measured concentration of target solute in the draw solution at time (t-1). Subsequently, the 116 
solute rejection in the FO process is calculated using the actual (corrected) permeate 117 
concentration, yielding: 118 
          
s( t )
FO
f ( t )
C
R (1 )100%
C
= −
                                                                                  (2) 119 
where Cf(t) is the concentration of the target solute in the feed at t time. 120 
 121 
Rejection by in RO mode was calculated as R = 100×1  , where Cp and Cf are the 122 
concentration of target solute in the permeate and feed solution, respectively. The reverse 123 
flux of the draw solute was determined using the mass balance calculation as, J	
 124 

   where C and C  are the concentration of the draw solute in the feed at 0 and t 125 
time, respectively; V and V are the volume of the of the feed at 0 and t time, respectively; A 126 
is the membrane area. The concentration of NaCl in the feed solution was determined by 127 
conductivity measurement based on a linear relationship between conductivity and NaCl 128 
concentration.  129 
2.4 Analytical methods 130 
Acetate concentration was determined using a Shimadzu Ion Chromatography system. The 131 
system consisted of two LC-20AD pumps, a model DGU-20A3 degasser unit, a SIL-20A 132 
auto sampler, (a CTO-20A thermostatic column model AS23). The column temperature was 133 
maintained at 35 °C by a CTO-20A column oven. To minimise any interference from the 134 
background matrix, standard solutions were prepared in 0.5 M NaCl. A linear calibration 135 
curve was obtained with R
2
 value of 0.99. pH and conductivity were measured using an 136 
Orion 4 Star pH and conductivity meter. 137 
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2.5 Zeta potential measurement  138 
Zeta potential (ζ) of the membrane surface was measured using a SurPASS electrokinetic 139 
analyser (Anton Paar GmbH, Graz, Austria). The zeta potential of each membrane surface 140 
was calculated from the measured streaming potential using the Fairbrother–Mastin 141 
approach. All measurements of the streaming potential were conducted in a background 142 
electrolyte solution containing 10mM KCl. Hydrochloric acid and sodium hydroxide was 143 
used to adjust the pH. The test solution was used to thoroughly flush the cell prior to the pH 144 
adjustment for each measurement. All measurements of the streaming potential were 145 
performed at a room temperature of approximately 25 °C, which was monitored by the 146 
temperature probe inside the instrument. 147 
2.6 Contact angle measurement 148 
Contact angle measurements were conducted using a Rame-Hart Goniometer (Model 250, 149 
Rame-Hart, Netcong, NJ) following the standard sessile drop method. Prior to the contact 150 
angle measurement, the membrane samples were dried in a desiccator for at least 24 hours. 151 
To avoid shrinkage, the FO membrane samples were first fixed on to a glass slide using 152 
double-sided adhesive tape before drying. On the other hand, the NF membrane samples did 153 
not require any special pretreatment. Ten water droplets were used on each membrane sample 154 
and contact angles on both sides of the droplet were analysed. 155 
3 Results and Discussion 156 
3.1 Membrane Characterisation 157 
The four membranes selected in this study differ from one another in their polymeric 158 
composition and internal structure in that the HTI-Pouch and HTI-Cartridge membranes are 159 
made of cellulose triacetate. According to the manufacturer, the HTI-Pouch is a thin film 160 
composite membrane with a thin layer of cellulose triacetate fused onto a layer of non-woven 161 
polyester fibre that is individually coated with polyethylene. On the other hand, the HTI-162 
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Cartridge is a polyester screen mesh embedded within an asymmetric layer of cellulose 163 
triacetate [25]. Both the NF-90 and NF-270 are thin film composite membranes with an ultra-164 
thin layer of polyamide skin on top of a supporting layer of microporous polysulphone.  165 
Given the difference in their polymeric composition and internal structure, their 166 
physiochemical properties and performance also differs, and hence, their intrinsic separation 167 
properties are also expected to be different.   168 
The water permeability (A value) and salt (NaCl) permeability (B value) were measured 169 
according to the standard protocol recently proposed by Cath et al. [26]. The NaCl rejection 170 
of the selected membranes was as follows: HTI-pouch > HTI-cartridge > NF-90 > NF-270 171 
(Table 1), which is consistent with the B value of the selected membranes. The NF-270 is 172 
considered to be a loose NF membrane with a low rejection of sodium whereas the NF-90 is a 173 
tight NF membrane with moderate rejection of sodium (Table 1). The HTI membranes have 174 
slightly larger pores than the NF-90 membrane and smaller pores than the NF-270 membrane. 175 
It is noteworthy that both HTI membranes have much lower A and B values compared to the 176 
NF-90 and NF-270 membranes (Table 1).  177 
Table 1: Properties of the selected membranes. 178 
Membrane Water 
permeability A 
(Lm⁻²h⁻¹bar⁻¹) 
NaCl 
permeability B 
(L m⁻² h⁻¹) 
NaCl 
retention 
(%) 
Contact 
angle (º) 
Average 
pore 
diameter 
a 
(nm) 
HTI-Pouch 0.745 0.083 95-97 65 0.70 
HTI-Cartridge 1.13 0.64 93-95 64 0.74 
NF-90 6.4 1.32 85.0 51 0.68 
NF-270 19.29
 
 34.11 40.0 29 0.84 
a 
Ref: [24, 27]. 179 
The results of the contact angle measurements show that all the membranes used are 180 
hydrophobic, except the NF-270. The hydrophobicity of both NF membranes is less than the 181 
HTI FO membranes. The surface charge of the selected membranes is pH dependent, as the 182 
pH increases the membranes become more negatively charged (Figure 2). Therefore, the 183 
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electrostatic interaction between the charged organic solutes and the surface of the charged 184 
membrane can influence the rejection of organics.  Studies on electrostatic interaction have 185 
reported that an increase in the rejection of negatively charged organic solutes resulted from 186 
an electrostatic repulsion between the negatively charged membrane and the negatively 187 
charged organic solute [28-29]. This rejection, however, is based on the initial feed pH, since 188 
both the surface change on the surface of the membrane and the organic solute vary 189 
according to the pH (through a dissociation of the functional groups as a function of their 190 
pKa). 191 
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Figure 2: Zeta potential of the selected membranes. 193 
It has been reported that a more negative zeta potential could lead to a higher rejection of salt 194 
due to an enhanced electrostatic interaction between the negatively charged surface of the 195 
membrane and a negatively charged solute [30]. The zeta potential of the surface of the 196 
membrane varies as a function of the solution pH (Figure 2). The zeta potential of the 197 
membrane in the HTI-Cartridge membrane is not as sensitive to pH as the HTI Pouch. The 198 
active and backing layers of the HTI-Cartridge membrane show an almost identical zeta 199 
potential profile as a function of pH, while there is a notable difference in the zeta potential 200 
profile between the active and backing layers of the HTI Pouch membrane. These results are 201 
consistent with the difference in structure of the HTI Cartridge and Pouch membranes as 202 
described previously. Both the NF270 and NF90 membranes are much more negatively 203 
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charged compared to the HTI membranes particularly at above neutral pH. Results reported 204 
here suggest that the active skin layers of the two polyamide NF membranes contain 205 
significantly more ionisable functional groups than those of the cellulose acetate HTI 206 
membranes. 207 
3.2 General behaviour of the FO process 208 
3.2.1 Water flux and reverse salt flux 209 
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Figure 3: Water flux as a function of time at different pH values of the feed in the FO mode 211 
(draw solution = 0.5 M NaCl, cross flow rate = 1 L/min for both sides, and cross flow 212 
velocity = 9 cm/s).  213 
Despite having significantly higher A and B values than the two FO membranes selected in 214 
this study, the NF90 and NF270 did not produce any permeate flux when they are operated 215 
under the FO mode. Therefore, only the water fluxes as a function of time obtained from the 216 
HTI-Cartridge and HTI-Pouch membranes under the FO mode are presented in Figure 3. 217 
Because the draw solution concentration was constant, the water permeate flux was stable 218 
throughout the experiment. Under the same operating condition, the water permeate flux by 219 
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the HTI-Cartridge membrane was considerably higher than that by the HTI-Pouch membrane 220 
(Figure 3). This is because the HTI-Cartridge membrane has a larger pore size than that of the 221 
HTI-Pouch membrane (Table 1). Additionally, these results are also consistent with the pure 222 
water permeability (A value) of these two FO membranes (Table 1). The effect of the initial 223 
feed pH in the range from pH 4 to 7.3 on the water permeate fluxes by these two FO 224 
membranes under the FO mode was insignificant (Figure 3).   225 
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Figure 4: Water and reverse salt fluxes of NaCl of the HTI-Cartridge and HTI-Pouch 227 
membranes. 228 
Mass transport in the FO process can be bi-directional [31], and the leakage of salts (or 229 
reverse salt flux) can occur with a non-idealised membrane. This reverse salt flux is measured 230 
by monitoring the increase in conductivity in the feed solution using a calibration curve for 231 
the NaCl solution as described in section 2.3. Figure 4 shows the reverse NaCl fluxes 232 
obtained with the HTI-Cartridge and HTI-Pouch membranes under different initial feed 233 
solution pH, namely un-adjusted pH (6.8 - 7.3), 4, and 6, respectively. The effect of feed 234 
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solution pH on the reverse salt flux by both the HTI-Cartridge and HTI-Pouch membranes 235 
was also insignificant (Figure 4), similar to the observation regarding the water flux (Figure 236 
3). The reverse NaCl fluxes observed with the HTI-Cartridge membrane were significantly 237 
higher than those observed with the HTI-Pouch membrane (Figure 4). This observation of the 238 
reverse salt flux is again in a good agreement with the B value (salt permeability) of these 239 
two membranes as previously discussed in Section 3.1. 240 
3.2.2 Effects of membrane orientation 241 
Of the two FO membranes used in this study, the HTI-Cartridge membrane shows a 242 
significantly higher water flux. Thus, it was selected for further investigation to evaluate the 243 
impact of the membrane orientation on water flux and reverse salt flux.  244 
The HTI-Cartridge membrane was used in both the FO and PRO modes using the laboratory 245 
FO system described previously in Section 2.2. Four experiments were conducted to evaluate 246 
the effects of the membrane orientation on the water flux and reverse salt flux.  Two values of 247 
pH were investigated, un-adjusted pH (which was from 6.7 to 7.3) and pH 4. 248 
Figure 5 shows the water fluxes as a function of time when the FO membranes were 249 
investigated under the FO mode (i.e., the active layer of the membrane facing the feed 250 
solution and the backing layer facing the draw solution), and in the PRO mode (i.e., the 251 
backing layer facing the feed solution and the active layer facing the draw solution). The 252 
water permeate fluxes obtained under the PRO mode were higher than those obtained under 253 
the FO mode. The higher flux obtained under PRO mode was due to the internal 254 
concentration polarisation (ICP) which considered as a unique phenomenon in FO 255 
membranes. When a composite or asymmetric membrane consisting of a dense active layer 256 
and porous supporting layer is used in FO, two ICP phenomena can occur, depending on the 257 
orientation of the membrane.  If the porous support layer on the FO membrane faces the feed 258 
solution, a polarised layer is established along the inside of the dense active layer and solute 259 
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propagates to the porous layer. Referred to as concentrative internal CP [32-33], this 260 
phenomenon is similar to the concentrative external CP, except that it takes place within the 261 
porous layer and cannot be minimised by cross flow. When the feed solution is against the 262 
active layer and the draw solution is against the supporting layer the ICP phenomenon occurs 263 
on the permeate side. It is referred to as dilutive ICP because the draw solution is diluted by 264 
the permeate water within the porous support of the membrane.  265 
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Figure 5: Water flux as a function of time at different pH values of the feed in the FO and 267 
PRO modes. (Initial concentration of acetate in the feed =300 mg/L, draw solution = 0.5 M 268 
NaCl, cross flow rate = 1 L/min for both sides, and cross flow velocity = 9 cm/s). 269 
The effects of the membrane orientation on the reverse salt flux (RSF) were shown in Figure 270 
6. The RSF obtained under the FO mode was consistently less than those obtained under the 271 
PRO mode which is consistent with the results previously obtained by Xie et al. [34].   272 
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Figure 6: Reverse salt flux of NaCl for HTI-Cartridge membrane in the FO and PRO modes. 274 
3.3 Solute separation 275 
Figure 7 shows the rejection of acetate by the two FO membranes in the FO mode and by all 276 
four membranes in the RO mode. The solution pH appears to be a major parameter governing 277 
the rejection of acetate by the membranes selected in this study. These results can be 278 
explained by the intricate relationship between the speciation of acetate, membrane surface 279 
charge, and solution pH. Acetate can speciate from a neutral species to a negatively charged 280 
acetate ion as the solution pH increases beyond its pKa value of 4.7. In addition, an increase 281 
in the solution pH can also increase the membrane negatively surface charged density (Figure 282 
2), leading to an enhanced electrostatic interaction with charged solute [30]. 283 
Results reported in Figure 7 systematically demonstrate the significance of electrostatic 284 
interaction and the major rejection of acetate by the HTI-Cartridge and HTI-Pouch FO 285 
membranes under the FO mode. Similar results were obtained by the FO membrane at a high 286 
pH value of 6-9 under the RO mode. It is also noteworthy that the rejection of acetate 287 
decreased gradually as the pH value of the feed solution decreased. A much more dramatic 288 
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decrease in the rejection of acetate occurred with the NF membranes (NF-90 and NF-270) 289 
compared to the other two FO membranes (Figure 7b). Results reported in Figure 7 suggest 290 
that charged repulsion is a predominant rejection mechanism of acetate at high pH. 291 
Furthermore, there is a considerable scope for using the FO membrane for the removal of 292 
acetate and other dissolved organic acids in produced water. At pH 6 and un-adjusted pH, the 293 
rejection of acetate by the FO membranes (HTI-Cartridge and HTI-Pouch) varied from 92% 294 
to 100%. Under the RO mode, acetate rejection of 90% to 100% could be achieved with these 295 
two FO membranes. With the NF membranes, size exclusion is always an underlying 296 
rejection mechanism.  The importance of size exclusion is shown by differences in the 297 
rejection of acetate at a certain pH. At any given pH value, the rejection of acetate by NF 298 
membranes generally increases as the membrane pore size decreases (Figure 7 and Table 1). 299 
It is noted that the rejection of acetate by the NF membranes was less than the HTI-FO 300 
membranes, even though that zeta potential of the two HTI FO membranes was less 301 
negatively charged than the NF membranes (Figure 2). In addition, the pore sizes of the FO 302 
membranes are intermediate between those values of the NF90 and NF270 (Table 1). 303 
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Figure 7: (a) Rejection of acetate as a function of time at different pH values of the feed in 305 
the FO mode; and (b) RO mode rejection of acetate as a function of pH at the same permeate 306 
water flux, feed concentration, and temperature. The FO experimental conditions were as 307 
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follows: The initial concentration of acetate in the feed = 300 mg/L, draw solution = 0.5 M 308 
NaCl, cross flow rate = 1 L/min for both sides, and cross flow velocity = 9 cm/s, temperature 309 
= 25 ± 2 °C. The RO experimental conditions were as follows: Initial concentration of acetate 310 
in the feed =300 mg/L, water flux = 8 L/m
2
h, cross flow rate = 1 L/min, cross flow velocity = 311 
25 cm/s, temperature = 25 ± 2 °C. 312 
The rejection of conductivity in the RO mode was measured every one hour and a 313 
relationship between the rejection of conductivity and pH value was established for each 314 
experiment. Figure 8 shows the rejection of conductivity of the four membranes investigated 315 
in this study. Conductivity rejections by the HTI-Cartridge, HTI-Pouch, and NF90 316 
membranes decreased slightly as the feed solution pH decreased (Figure 8). One exception is 317 
the NF-270 membrane which showed a dramatic decrease in conductivity rejection as the 318 
feed solution pH decreased from pH 9 to 4.  Nevertheless, it is noteworthy that conductivity 319 
rejection by the NF-270 is always lower than those by the other three membranes investigated 320 
here at any given pH. This can be attributed to the large pore size of the NF270 membrane 321 
and therefore its rejection of inorganic salts relies mostly on the electrostatic interaction 322 
mechanism [30, 35]. In fact, the rejection of conductivity by the NF270 mirrors closely its 323 
zeta potential profile (Figure 2).  324 
The rejections of conductivity by all four membranes presented in Figure 8 are in good 325 
agreement with the rejection of acetate (Figure 7).  Conductivity rejections by the two FO 326 
membranes (HTI-Cartridge and HTI-Pouch) were higher than those by the two NF 327 
membranes (NF270 and NF90). These results cannot be explained by the membrane surface 328 
charge or pore size. The NF membranes are more negatively charged than their FO 329 
counterparts (Figure 2). The average membrane pore sizes of these four membranes are quite 330 
comparable (Table 1). Although it can be speculated that this observation can be attributed to 331 
17 
 
the much thicker active skin layer of the FO membranes compared to their NF counterparts, 332 
further investigation will be required to substantiate this hypothesis. 333 
 334 
Figure 8: Rejection of acetate as a function of different pH values of the feed. The RO 335 
experimental conditions were as follows: Initial concentration of acetate in the feed = 300 336 
mg/L, water flux = 8 L/m
2
h, cross flow rate = 2 L/min, cross flow velocity = 25 cm/s, 337 
temperature = 25 ± 1°C. 338 
4 Conclusions 339 
This study investigated the performance of two forward osmosis (FO) – namely HTI-340 
Cartridge and HTI-Pouch – and two nanofiltration (NF) – namely NF270 and NF90 – 341 
membranes for the removal of acetic acid from produced water. Detailed membrane 342 
characterisation revealed that the NF membranes have much higher water and salt 343 
permeability (i.e. A and B values) than their FO counterparts. However, the two NF 344 
membranes could not be used in the FO mode to produce any measurable water permeate 345 
flux. Under the same operating condition, the HTI-Cartridge membrane had higher water and 346 
reverse salt fluxes than those by the HTI-Pouch membrane. This difference in transport 347 
performance between the two FO membranes could be attributed to the difference in their 348 
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pore size and internal structure. Similarly, due to the internal concentration polarisation 349 
effect, the PRO mode resulted in higher water and reverse salt fluxes than the FO mode. 350 
Acetate rejection was pH dependent in both the FO and RO modes. In addition, in the RO 351 
mode, acetate rejections by the FO membranes were higher than their NF counterparts. 352 
Results reported here suggest that FO can be a viable treatment option for the removal of 353 
dissolved organics from produced water. 354 
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